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Methods for enhancing formation of the Q photoproduct via directed evolution

S1.1. Strain generation.
Blue bacteriorhodopsin (bBR) mutants that were identified from the original directed evolution studies 1 were regenerated by using site directed mutagenesis with the primers listed in Table S1 . The type I directed evolution methodology used to generate our library of bacteriorhodopsin (BR) mutants required the screening and characterization of microgram amounts of protein that was generated by a combination of region-specific semirandom mutagenesis, site-saturation mutagenesis, and site-directed mutagenesis. The method is described briefly below, and we refer the interested reader to reference 1 of the main paper for further details.
The mutant library was generated by first dividing the bacterio-opsin (bop) sequence into 17 regions (Figure 2 ). Region-specific semi-random mutagenesis was then performed on each individual section using the sequence overlap extension method with doped oligonucleotides that cover the 17 regions defined in the bop sequence. 2 The resulting mixture was then transformed into XL-10 gold ultracompetent Escherichia coli (Stratagene) so that genetically distinct colonies could be isolated and the amplified amounts of the mutant bop gene could be harvested by standard alkaline lysis DNA extraction protocols. Mutant DNA were transformed into the native organism, Halobacterium salinarum, via the MPK409 cell line. 3 Transformants were selected by using mevinolin resistance and recombinants were selected by using 5-fluoroorotic acid (5-FOA). Selection on 5-FOA assures the successful substitution of the by using low-speed centrifugation (2,500 rcf for 10 min at 4 °C) until the A 280 /A 600 ≥ 3.0.
(Separation of the high-and low-density forms of bBR membranes (see Section 2.1 below) was discovered after completion of the last stage of directed evolution and done for all large-scale preparations that either characterize or utilize the protein in devices.)
The purified mutant proteins were then screened for the ability to form the Q state by first concentrating each to an OD ~ 0.5-2.0 and then distributing samples across a 96-well plate. A UV-transparent film was used to cover the tray to prevent evaporation. Pre-illumination spectra (750-350 nm) were collected using a µQuant microplate reader (BioTek Instruments, Winooski, VT). The 96-well plate was then irradiated with red light (100 mW cm -2 ; >640 nm) at 35 ± 0.1 ˚C for 3 hours using 12 Luxeon III Lambertian LEDs. Post-illumination spectra were collected to measure the amount of Q photoproduct formed during irradiation. The UV-transparent film was replaced and the 96-well tray was exposed to blue light (~0.03 mW cm -2 ; ~395 nm) at 35 ± 0.1 ˚C for 2 hours using 28 510 mcd LEDs. Post-illumination spectra were collected to measure the amount of Q photoproduct that reverted to the bR state during irradiation.
The three sets of spectra were exported and analyzed using computer algorithms that calculated the formation and reversion efficiency of the Q photoproduct for each mutant. Q total represents the desired variable for optimizing the formation of the Q state. This value is defined D85E/D96Q Bacteriorhodopsin as a Stable Photochromic Material by Ranaghan et al.
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as the product of Q forward and Q reverse , which represent the bR→ O→ Q and the Q→ bR photochemical processes, respectively. Mathematically, these events are described as:
where ξ experimental represents experimentally determined multipliers which scale the data. At least two, or three in later stages, internal standards were included in each 96-well plate. Mutants were then compared to the wild-type protein (Q total = 33 at an optimized pH = 9). The top [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] mutants that form high levels of Q were sequenced and selected to serve as the parents for the next generation of genetic progeny via site-directed, site-specific saturation, or semi-random mutagenesis.
Methods for preparing and the characterization of high-density D85E/D96Q
S2.1. Large-scale preparation and purification of high-density bBR membranes. Cultures
were initially grown from a glycerol stock in 6 mL of culture medium (CM; 4.28 M NaCl, 81 mM 
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days and growth was monitored spectroscopically with the absorbance at 660 nm (A 660 ).
Regardless of expression levels, all cultures were harvested once the maximal optical density reached a steady state for several days.
Purification of the bBR protein was conducted in several phases to isolate the protein in the native membrane, a vital component of the structure and function of BR. First, the total amount of bBR membrane was isolated by the protocols described above. Next, separation of a lowdensity (LD) and high-density (HD) bBR protein was accomplished with a step sucrose gradient 
S2.2. Characterization of bBR fractions.
Between the LD and HD samples, two key spectral differences are observed: a difference in the purity ratio and the appearance of an absorption band at 410 nm for the LD fraction ( Figure S2A and B). The spectral purity ratio is a general assessment of the relative protein/chromophore absorbance ratio (A 280 /A 565 ) of the BR sample.
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This value is about 2.0 for purified native BR. 5 If pure native BR is acidified, creating the acid blue chemical membrane, the absorption maximum (λ max ) shifts to 600 nm and a purity ratio (A 280 /A 600 ) of 2.6 is observed. 6, 7 This value is attainable for the HD fraction of most bBR mutants when the LD fraction is removed via sucrose density gradients. The isolated LD fraction typically has a purity ratio between 3.5 and 4.5 and, without proper separation of these fractions, this value will vary depending on the relative ratio of LD and HD protein in the sample. Ratio values greater than 4.0, for the LD or HD protein, indicate that a folding or maturation defect is present D85E/D96Q Bacteriorhodopsin as a Stable Photochromic Material by Ranaghan et al.
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and lower protein yields are typical for such mutants. It should also be noted that the protein λ max of the LD fraction is observed at 275 nm instead of 280 nm, further denoting an alternate conformation of the protein.
Simple attempts to remove the 410 nm absorbance by light-adapting the sample and by using alternative sucrose density gradients were unsuccessful. Attempts to remove this absorbance band by washing the protein with bovine serum albumin, similar to chromophore extraction protocols, 8, 9 were also unsuccessful. Furthermore, because this absorbance is unique to the LD fraction of all investigated bBR mutants, it is likely comprised of an inhomogeneous mixture of protein with an alternative lipid environment. In this scenario, the LD fraction is composed of apo and holo forms of BR and allows assignment of the 410 nm absorbance as the Soret band of a b-type cytochrome. Such absorbance has been observed for the brown membrane, which is the apo form of BR and the biosynthetic precursor to the purple membrane.
10,11
A non-native lipid environment is likely because the purple membrane is comprised of a specific phospholipid/glycolipid ratio. 12 Furthermore, the lower buoyant density observed in sucrose gradients demonstrates that the LD protein has a different lipid composition than the HD protein.
In thermal denaturation studies, both the LD and HD fractions of D85E/D96Q exhibited a high melting temperature (T M ) ( Figure S2C ). Consistent with similar studies using native BR, two thermal events were observed for the mutant bBR membranes: a pre-melting transition and a melting transition. 13 For native BR, these transitions represent a reversible disruption of the semi-crystalline membrane structure and the irreversible denaturation of the protein, respectively.
14 However, both thermal transitions were observed to be irreversible in DSC thermograms of LD bBR membranes. Thus, despite having a lowered pre-melting transition, bBR mutants typically exhibit a comparable T M to the native protein, which is considerably greater than that of chemical bBR membranes. 15, 16 D85E/D96Q Bacteriorhodopsin as a Stable Photochromic Material by Ranaghan et al.
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Calculations for the theoretical holographic properties of optimal BR films using the
Kramers-Kronig Transformation and Kogelnik's Coupled Wave Theory
A description of the relationship between absorption and refraction of a modulated BR film is achieved through the use of the Kramers-Kronig transformation 17 and Kogelnik's coupled wave theory. 18 Below, we discuss the equations used to determine the diffraction efficiency of D85E/D96Q and V49A, the results of which are illustrated in Figure 7 .
S3.1. Calculating the Kramers-Kronig Transformation.
As light passes through an optically transparent medium, the material will absorb (or forward scatter) some portion of the light energy. The complex relationship between absorption and index of refraction (n) is fundamental to the observed diffraction in holographic processing applications. Thus, a complex index of refraction must be included in a calculation to determine the behavior of these materials, in which real (n) and imaginary (κ) terms are used to indicate phase speed and loss via absorption, respectively. 19 These two terms are measured and correlated via the KramersKronig transformation. 17 The Kramers-Kronig relationship analyzes the complex index of refraction using the following integral equation:
where κ is the absorption index, ω is the angular frequency, and P.V. is the Cauchy principal value of the integral. The absorption index (κ) can be related to the absorption coefficient using
where α is the absorption coefficient in wavenumbers (cm -1 ) and c is the speed of light (in CGS units). The α value corresponds to experimental absorbance (A) of the film by using the following equation: D85E/D96Q Bacteriorhodopsin as a Stable Photochromic Material by Ranaghan et al.
where t is the thickness of the BR film and λ' is the wavelength at which the absorbance is measured. Experimental absorbance can then be incorporated into Equation 2 to produce the following relationship:
This equation can be modified to investigate the specific photochemical conversion of interest, particularly the bRàM conversion observed in the transient BR photocycle or the formation of the long-lived, Q photoproduct, from the resting state, bR (or bR B ):
Here, X refers to either the M or Q states (i.e., the blue shifted species) and bR refers to the resting state of native BR or of the bBR mutants (i.e., the red shifted species).
S3.2 Analysis of Diffraction Efficiency.
The analysis of the diffraction efficiency of volume transmission holograms has been established through Kogelnik's coupled wave theory. 18 Spatial modulations of the absorption coefficient (α) and the index of refraction (n) of BR films are determined using the following truncated Fourier expansions: 18, 20 a(x) = a avg + a 1 cos(2π x / P) ,
n(x) = n avg + n 1 cos(2π x / P) ,
where α(x) and n(x) are spatial dependent values, a avg and n avg are the average values, and a 1 and n 1 are the modulation amplitudes. All of these parameters contribute to the total diffraction (η total ) of the system, with the absorption coefficient related to absorptive modulation and the D85E/D96Q Bacteriorhodopsin as a Stable Photochromic Material by Ranaghan et al.
S10
index of refraction related to the phase (optical path) modulation of the light electric field amplitude.
The diffraction efficiency of a hologram stored in a BR film is defined as the ratio of the diffracted light intensity, I D , and the intensity of the reading beam, I 0 . Like the Kramers-Kronig transformation, the diffraction efficiency has an absorptive and a refractive component and can be explained using the following equations:
where η total is the total diffraction efficiency, η abs is the diffraction efficiency due to absorption, η phase is the diffraction efficiency due to refraction, t is the thickness of the film, λ r is the wavelength of the read laser, and θ r is the angle of incidence of the read laser. The read angle, θ r , is an experimentally measured value that can be adjusted as needed; however, the angle used to achieve maximum efficiency can be found by using the Bragg condition:
where θ w is the angle of the write beam relative to the film normal and λ W is the wavelength of the write beam. The a and n terms in Equations 10 -12 are related to the modulation amplitudes of the absorptive and refractive terms, respectively. The D term in the above equations is a measure of the amplitude of the spatial modulation and is included to restrict the maximum D85E/D96Q Bacteriorhodopsin as a Stable Photochromic Material by Ranaghan et al.
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value of the absorptive component to 3.7%. which represents the case in which a 1 (λ R ) is equal to a avg (λ R ). . Pulsed and continuous illumination of D85E/D96Q, which is suspended in a buffered (pH 8.5) poly-acrylamide gel, demonstrates how the protein responds to the amber (590 nm) and royal blue (450 nm) LEDs in real-time. These data monitor changes at 640 nm, which correspond to the red-shifted resting state. (A) The sample was illuminated (A) with 1, 2, 5, 10, 15, and 30 second amber flashes, (B) ten 15 second amber flashes, or (C) one, two, three, four, or five 15 second amber flashes. All experiments were followed with two minutes of blue illumination to reset all protein to the bR B photostate.
